ABSTRACT. Upon fertilization, the concentration of intracellular Ca2+ (CaO in sea urchin eggs increased up to 3 juM when measured with fura-2, a fluorescent Ca indicator and the increase in Cai traversed from the sperm entry point as a waveover the entire egg at the meanpropagation velocities of 5.0 /um/sec in C. japonicus egg and 5.3 //m/sec in H. pulcherrimus egg. However, the velocity was not uniform; i.e., it was rapid in the vicinity of the sperm entry point and the opposite point, but slow in the central region of the egg. Microinjecting a CaEGTAbuffer and an IP3 solution into the C. japonicus egg induced the transient Cai increase more rapidly than that upon fertilization, due perhaps to the diffusion of the injectates. In order to investigate Ca2+ release during Cai increase upon fertilization, EGTAsolutions were microinjected into un fertilized or fertilizing eggs. Microinjecting 100 mMEGTA(final concentration of 1 mM)not only suppressed the transient Cat increase, but also reduced the increased Cai rapidly, and never induced egg activation after insemination, whereas 10 mMEGTA(final concentration of 0.1 mM)did not significantly affect the Cai increase or the activation. Ca2+ released upon fertilization was estimated to be 150-170 juM in the egg cytoplasm from the amount of microinjected EGTAand fura-2. It was concluded that although more than 150 juM of Ca2+ was released intracellularly upon fertilization, Cai increased to only a few juM because most of the released Ca2+ was sequestered by intracellular Ca2+ binding substances.
Upon fertilization, a transient increase in intracellular Ca2+concentration in the egg cytoplasm (CaO is one of the most universal events (7, 19, 26, 32) . The transient Caj increase has been reported in the oocytes or eggs ofmedaka (7, 17, 30, 38) , Xenopus (1, 21) , golden hamster (22), mouse (3, 4) , ascidian (31), starfish (2, 6) , and seaurchin (5, 9, 10, 25, 32, 33, 37, 38) . In seaurchin eggs, the peak values of the increase in Ca{ were previously reported to be 2.5-9juM (9, 25, 32, 33) . The transient Cai increase is a key point for the development of the egg. When the increase is blocked by microinjection of EGTA solutions, fertilization never succeeds even when sperm enter the egg (ll, 12) . In contrast, the Cai raised artificially by microinjecting Ca2+ or second messengers into the un fertilized egg results in egg activation (ll, 23, 35) . In large oocytes such as Medaka and Xenopusoocytes, the transient C^increase propagates from the sperm entry point to the antipode of the egg in a ring shape (7, 17, 30, 38) . However, in small eggs such as echinoderm eggs, although the increase starts near the sperm entry point and propagates over the enAbbreviations:
ASW, artificial sea water; IP3, inositol 1,4,5- trisphosphate; Cai} concentration of intracellular Ca2+.
tire egg, the precise process of the Caj change has not yet been investigated in terms of where and how the change in Cai occurs (9, 10) . In addition, the propagation velocity of the Cai increase has not yet been analyzed. Moreover, the amount of Ca2+ released intracellularly upon fertilization has not been investigated. In the present study, the tempo-spatial change in Caj in the fura-2-injected sea urchin eggs was investigated precisely and quantitatively upon fertilization by video microscopy. The Ca^in this study increased up to 3.1
juM. This value of the increased Ca^coincided with those of previous reports (9, 25, 32, 33) . When a CaEGTAbuffer solution, which increases the Caj, and an IP3 solution, which induces Ca2+ release and then increases the Cai, were microinjected into the eggs, the change in Caj was also measured and compared with that upon fertilization. Furthermore, in order to study the mechanism of Cai increase, un fertilized eggs and fertilizing eggs in which Cai increase was taking place were microinjected with EGTAsolutions, which may reduce Caj, and the effects on both the change in Cai and the other events upon fertilization were investigated. The relationship between Ca released in the egg cytoplasm and the transient Cai increase was discussed.
MATERIALS AND METHODS
Gametes and insemination. Eggs and sperm from the sea urchin, Hemicentrotus pulcherrimus and the sand dollar, Clypeaster japonicus were obtained by the injection of artificial sea water (ASW; Jamarin U; Osaka, Japan) containing 1 mMacetylcholine into the coelomic cavity. The eggs were washed three times with ASWand kept at 15°C before use. All experiments were carried out at 20± 1°C in the case of if.
pulcherrimus and at 25±1°C in the case of C. japonicus.
Sperm were kept "dry" at 4°C. [Ca2+] =a(R-b)(c-R), [1] where a, b, and c are constant (8) . First, the unknown a, b, and c in Ca-EGTA buffer solutions (a0, b0, c0) were determined by substituting various values of [Ca2+] and R of each Ca-EGTAbuffer solution into eq. [1] . Second, in order to obtain Cai, the two fluorescence ratios (Ri and R2) of the eggs were measured whentwo Ca-EGTA buffer solutions with the , respectively. Therefore, the calibration curve of the fluorescence ratio R versus Cai was determined by substituting a, b, and cwith ai, bj and q in eq. [1] , Auto fluorescence of the eggs of H. pulcherrimus and C. japonicus was less than 4% of the fluorescent intensities of fura-2-injected eggs. Because this value is small and we determined the calibration curve in the liviing eggs, we ignored the error caused by the auto fluorescence.
RESULTS
Transient Cat increase upon fertilization. The transient Cai increase in a C. japonicus egg upon fertilization is represented in Fig. 1A in pseudocolor, and the blue-white color on the right in the figure corresponds to the high-low concentration of Ca2+. As shown in this figure, Cai increased from the sperm entry point, and Cai increase spread gradually to the antipode of the Qgg and then became uniform throughout the whole egg within 42 sec. The process of Cai increase was the same as has been reported using Fluo 3 by Hamaguchi and Hamaguchi (10) . After this process, Caj began to decrease gradually from the sperm entry point and reached the resting and constant level (resting concentration) 150 sec after the state of high and uniform Cai (data not shown). In H. pulcherrimus eggs, the change in Ca* was similar to that in C. japonicus eggs.
Iii order to investigate the precise process of the transient Fig. 1 . A. The transient Caj increase in a C. japonicus egg during fertilization. This figure indicates the ratio (I3S0/I360). which corresponds to Caj, of fluorescence intensities of a fura-2-injected, fertilizing egg. The closer the hue is to the top of the color bar, the higher the Caj. The numbers in the figure indicate the times (sec) after the transient Cai increase began. The color of the periphery of the egg does not represent the correct value of Ca; because the shape of the egg changed during fertilization. B. The Ca, increase induced by microinjecting IP3 solution. This figure shows C^increase in pseudocolor when IP3 (20^M) was microinjected into an un fertilized H. pulcherrimus egg with 5 pi corresponding to 1%of the egg volume. Themicroneedle wasinserted from the right side of the egg, and the tip of the microneedle wasin the left side of the egg. The numbers in the figure indicate the time (sec) after Ca; began to increase. C. The change in Caj induced by the microinjection of 100 mMEGTAin the fertilizing egg. One hundred mMEGTAof 7 pi corresponding to 1% of the egg volume was microinjected into a C. japonicus egg 13 sec after Caj began to increase by insemination. The red arrows in b and c are insignificant.
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Time ( Cai increase in the egg cytoplasm upon fertilization, we calculated Cai at 6 points in the egg from the ratio of fluorescence intensities (I380/I360) and plotted the values in Fig. 2a . As
shownin Fig. 2a , each change in Cai was similar amongthe 6 points except for the time delay amongthree points. Cai was 0.ll juM before increase and increased up to 3.1^M. This increased Cai value agreed with the previously reported ones (2.5-9juM ) (9, 25, 32, 33) .
The propagation velocity of the transient Cai increase was also investigated in C. japonicus and H. pulcherrimus eggs. The time when the Cai at each point increased to 0.6juM was plotted with the distance on the axis through the center of the egg from the sperm entry point (Fig. 2b ). This figure indicates that the velocity was rapid in the vicinity of the sperm entry point but becameslow in the central region of the egg and becamerapid again near the antipode. This speeding-up process during the latter half of propagation suggests that the increased Cai at the sperm entry point did not simply diffuse into the whole egg cytoplasm, but that it was caused by Ca2+ released within the egg cytoplasm during fertilization. Cai increase in C. japonicus egg propagated at the mean velocity of 5.0±0.5 jum/sec (n=6) from the sperm entry point to the antipode, and the velocity near the center of the egg was 3.7±0.6 //m/sec (n=6). In H. pulcherrimus egg, the mean propagation velocity of the increase was 5.3±0.9//m/sec (n=8), and the velocity near the center of the egg was 4.1±0.6^m/sec (n=8). 4.5 Time (seo 2 3 Time (sec) Fig. 3 . The tempo-spatial change in Caj induced by microinjecting IP3 solution, a: The change in the ratio of fluorescence intensities at 6 points in the egg. The circle in the figure shows the egg, and the 6 symbols represent the 6 points taken in the egg along the propagation direction on Ca; increase from the microinjection site. The closed circle indicated by the arrowhead is the site of the microinjection. The arrow shows the propagation direction of Ca^increase. The smaller the ratio was, the higher Ca, was. b: The propagation velocity of the increase by microinjecting IP3 solution. The times at which the ratio of fluorescence intensities decreased to 0.4 as shown in the broken line ofFig. 3a were plotted with the distances from the microinjection site to the 6 points. When it is assumed that IP3 diffuses isotropically, infinitely, and three-dimensionally in the egg cytoplasm and induces the release of Ca2+, we obtained the diffusion constant, D=0.4 x 10"10 mVsecof IP3 by simple calculation. The solid line in the figure was plotted by using this value of D.
The transient Cat increase by microinjecting IPs solution
and Ca-EGTAbuffersolution. IP3 is a second messenger of the transduction mechanism during fertilization in the sea urchin egg (23, 35) and microinjecting IP3 into the sea urchin egg induced Cai increase (33). In the present study, we examined the change in Cai quantitatively after microinjecting IP3 into the fura-2-injected, un fertilized sea urchin egg. The change in Cai when IP3 (20juM) solution was microinjected into an H. pulcherrimus egg is shown in pseudocolor in Fig. IB in a mannersimilar to Fig. 1A . Figure 3a represents the change in the ratio of fluorescent intensities (I380/I360) at the 6 points along the propagation direction of Cai increase within the same egg shown in Fig. IB . In this figure, the decrease in the ratio indicates increase in Caj. The Cai increase traversed through the egg within 9 sec, and then Cai became uniform in the egg cytoplasm, which indicates that the propagation velocity of the Caj increase was faster than that upon fertilization. Figure 3b represents the distances from the microinjection sites and the times at which the ratio of fluorescence intensities (I380/I360) decreased to 0.4 (about half of the change). The solid line in Fig. 3b is the calculated curve at which IP3 is assumed to diffuse infinitely and isotropically from the injection site with a diffusion constant of 0.4 x 10~~10mVsecand to induce Ca2+ release. Because the data at the 6 points approximately coincided with the curve, the process of Caj increase may be caused by diffusion of IP3. Ca{ decreased gradually to the resting concentration about 360 sec after Cai became uniform in the egg cytoplasm. This process was slower than that upon fertilization because the concentration of injected IP3 was so high that the injected IP3 would induce Ca2+ release in the egg cytoplasm for a longer duration before its breakdown by means of hydrolysis than during fertilization.
The transient Caj increase after microinjection of a CaTime (sec) Fig. 4 . The tempo-spatial change in Ca, induced by microinjecting Ca-EGTA buffer solution. Thefigure showsthe ratio of fluorescence intensities at 6 points in the egg when Ca-EGTAbuffer (6juM Ca2+) was microinjected into an un fertilized H. pulcherrimus egg with 5 pi corresponding to \% of the egg volume. The circle in the figure shows the egg, and the 6 symbols represent the 6 points along the egg diameter from the microinjection site. The closed circle indicated by the arrowheadis the microinjection site. Thearrow showsthe propagation direction of the Caj increase.
EGTAbuffer solution (6juM Ca2+) into a H. pulcherrimus egg is shown in Fig. 4 . As shown in Fig. 4 , the increase in Cai propagated from the injection site in the whole egg within 4 sec, which was much faster than the increase upon fertilization. In this case, the process of Cai increase may well be caused by diffusion of the injectates because 6 data points in the egg coincided with the calculated curve when the Cai increased by diffusion of Ca-EGTA and EGTA, and their diffusion constant was 1.0x 10~10 mVsec. Ratios on the right side in this figure, however, indicate that the Cai was high near the microinjection site and low at the point distant from the microinjection site. The reason Cai did not become uniform In the "Injection timing" column, "during propagation" means that microinjection is carried out while the transient Cai increase propagates from the sperm entry point to the antipode of the egg, and "just after propagation" meansmicroinjection is carried out just after the transient Cî ncrease propagates through the egg. In the "Suppression of Ca; increase" column, ± *: the suppression of Caj increase did not occur completely, but a small transient increase of Caj was detected, ± : the suppression of the Caj increase of decrease in C^was detected locally near the injection site. Figures in "Fertilization envelope elevation" column represent the numberof eggs which showedcomplete elevation of the fertilization envelope (+), partial elevation of the fertilization envelope (±), and no elevation of the fertilization envelope (-). In the "Formation of sperm aster" column, +**: sperm asters in all examined eggs formed more than 10 minutes after insemination, n.d.: not determined. which functioned as undiffusible Ca2+ chelators, lowered the ratio of Ca2+ to Ca2+ chelators gradually as Ca-EGTAand EGTAdiffused distantly in the egg cytoplasm. The present result suggests that increased Cai does not induce Ca2+ release in sea urchin eggs but is caused only by diffusion of Ca-EGTA and EGTAin the egg cytoplasm. After this process, the Caj increased slightly and gradually 19 sec after microinjection of the Ca-EGTAbuffer solution, and then gradually decreased to the resting concentration 60 sec after the Cai level became high, which indicates that the Caj decrease was faster than that (150 sec) upon fertilization (data not shown). Effect of microinjecting EGTAsolutions on the transient Cat increase and other events upon fertilization. In order to examine the role of Cai in fertilization, Cai and morphological changes were investigated whenEGTA solutions were microinjected before and just after insemination in eggs of C. japonicus. Three concentrations (100 mM, 30 mM,and 10 mM)of EGTAsolutions which mayreduce Cai were microinjected into the fura-2-injected, un fertilized or fertilizing C. japonicus eggs with 7 pi corresponding to \% of the egg volume. As summarized in Table I , egg activation was suppressed by the microinjection of EGTA whenever the increase in Cai was suppressed, indicating that the Cai increase is a key point for development. Detalied results are described below. Microinjection of 100 mMEGTAsolution into un fertilized eggs suppressed the transient Cai increase upon insemination. It also suppressed both fertilization envelope elevation and sperm aster formation after insemination. Microinjection of 10 mMEGTAdid not significantly affect the transient Cai increase or the morphological events upon fertilization. In the case of microinjection of 30 mMEGTA,only a slight increase in Cai was detected after insemination. In the morphological events, fertilization envelope elevation was suppressed, but sperm aster formation was not suppressed, although it took more than 10 min after insemination for sperm aster formation, which was twice as long as in normal eggs. In other words, the level of Ca* sufficient to elevate the fertilization envelope was higher than that sufficient for the formation of spermaster. The EGTAsolutions were microinjected into the C. japonicus eggs when the transient Cai increase was traversing from the sperm entry point to the antipode of the egg or immediately after the Cai increase traversed through the egg (see Table I ). Figure 1C represents the change in fluorescent images indicating Cai in pseudocolor when 100 mMEGTAsolution was microinjected during the propagation of the Cai increase. Figure 5 represents the change in the ratio of fluorescence intensities at 6 points in the same Qgg as in Fig. 1C . In this case, the Cai increase was suppressed completely and decreased the Caj quickly after the microinjection even in the area whereCai had increased once. Microinjection of 30 mMEGTAsolution suppressed the Cai increase to some extent and decreased the increased Cai as well. Microinjection of 10 mMEGTAsolution during Cai increase neither suppressed nor decreased the transient Caj increase upon fertilization, although Caj increase was retarded slightly near the injection site (Table I , Fig. 6 ).
The effects on the formation of sperm aster when the EGTA solutions were microinjected into the fertilizing eggs were the same as those in the case of un fertilized eggs as shown in Table I . Onthe other hand, fertilization envelope elevation was not completely inhibited by microinjecting the EGTAsolutions in the fertilizing eggs. This result seems to be natural because cortical granule breakdown, which is the direct cause of the elevation of the fertilization envelope, was induced less than a second after the Cai increase (23). In all cases of microinjecting 10 mMand 30 mMEGTAsolutions, the development proceeded at least up to the 4-cell-embryo stage.
DISCUSSION
The transient Cat increase upon fertilization.
In the present study, we have investigated Cai increase in the C. japonicus and H. pulcherrimus eggs updn fertilization using a Ca indicator (fura-2). It has been reported that the peak concentration of Ca| in the sea urchin egg was a few /uM upon fertilization (2.5, 2.5-4.5, 4-9 and 3.5juM in refs. 9, 32, 33, and 25, respectively) . The increased Cai value of this study agreed with these data. It was found that the Cai increase gradually propagated from the sperm entry point to the whole egg, and the propagation velocity of Cai increase coincided with the value reported by Hamaguchi and Hamaguchi, who measured it using Fluo 3 (10) . From the results of the present study, the spatial change in Caj was determined more precisely. The Cai increase transversed more slowly in the central region than at the region of the spermentry point or at the antipode of the egg, which indicates that the increase in Cai might be generated in the cortical cytoplasm and spread to the endocytoplasm. The velocity in the central region coincided with the previously reported velocity of cortical granule breakdown, which was observed in the central surface area (24). The solid curve in Fig. 2b was similar to the curve of the propagation of cortical reaction obtained by Kacser (20) , and Rothschild and Swann (28) . Therefore, these results suggest that the Cai increase maybe the stimulus to induce the cortical reaction or cortical granule breakdown.
In the present study, the Cai remained high for a long time once it increased, just as reported by Tsien and Poenie (34) . The transient Cai increase observed with Fluo 3 traversed as a broad band, although Caj did not instantaneously decrease to the resting concentration after the band passed (10) . At the high concentration of Ca2+, a large amountof fura-2 binds to Ca2+ and may be insensitive to the change in Ca2+ concentration such as 3 fjM because the dissociation constant of fura-2 with Ca2+ is extremely low (0.22^M). It is reasonable that the increased Ca* was found to be uniform in the Qgg cytoplasm, but did not propagate as a fluorescent band as reported by Hafner et al. (9) . In the case of their report (9) , the ratio images corresponding to Cai increase looked so rough that only an area at extremely high concentration of Ca2+ might be represented as a result of image processing. In large oocytes such as Medaka and Xenopus oocytes, the transient Cai increase has been observed as a luminescent band only in the cortical region of the egg using aequorin (7, 17, 21, 26, 38) . However, the bandwidth was ca. 200 /urn, which is twice as wide as the diameter of the sea urchin egg used in the present study. Moreover, only the area where Cai increases to extremely high concentration tends to be detected with use of aequorin because the luminescence of aequorin increases exponentially when the Ca2+ concentration increases. Cat increase by microinjecting IP3 solution and Ca-EGTA buffer is causedsimply by diffusion. The Cai increase caused by microinjecting IP3 solution and Ca-EGTAbuffers propagated from the injection site through the egg cytoplasm and is similar to the phenomenonof Cai increase upon fertilization propagating from the sperm entry point to the whole egg. However, the fast change in Cai may be due to the diffusion of injectates as described in RESULTS.The diffusion constants of Ca-EGTAand IP3 in the egg cytoplasm were calculated to be 1.0xl0-10'm2/sec and 0.4x 10-10m2/sec, respectively.
The value of Ca-EGTAwas equal to that of fluorescein (1.0 x 10~10 mVsec), which has a molecular weight similar to that of Ca-EGTA (15) . The diffusion constant of IP3 seemed to be adequate because it was close to the reported value of 0.33 x 10-10 rn2/sec (36).
Estimation of Ca2+ release during fertilization from the amount of microinjected EGTAsolution. In the present study, the resting Ca* in un fertilized eggs has been about 0.1 juM, and Caj upon fertilization has increased up to about 3 juM, During this process, Ca2+ released in the cytoplasm of C. japonicus eggs was estimated by the experiment of micr©in-jecting EGTAsolutions as follows. The dissociation constants ofEGTAand fura-2 are assumed to be 0.57 juM and 0.22juM, respectively, at pH 6.8. Microinjection of 10 mMEGTAsolution corresponding to 1% of the egg volume (0.1 mMEGTA in the egg cytoplasm) could not suppress the transient Ca* increase upon fertilization.
Therefore, the amount of released Ca2+ is more than the amount of Ca2+ bound to the chelators, EGTAand fura-2 injected into the egg cytoplasm. Because the injected chelators are 0.1 mMEGTAand 0.07 mM fura-2 in the egg cytoplasm, the amounts of Ca2+ bound to the chelators at 3 juM Ca* are calculated to be 0.084 mMand 0.065 mMto EGTAand fura-2, respectively.
The amounts are represented as concentration in the egg cytoplasm in order to compare the amounts with Caj. Therefore, weestimated the released Ca2+ to be more than 0.15 mM. On the other hand, the microinjection of 100 mMEGTA solution corresponding to \% of the egg volume (1.0mM EGTAin the egg cytoplasm) lowered the increased Ca* to the resting concentration (about 0. 1 juM). Therefore, the amount of Ca2+ released upon fertilization is less than the amount of Ca2+ bound to the chelators, EGTAand fura-2, injected into the egg cytoplasm. Because concentrations of EGTA, fura-2, and Ca2+ are 1 mM, 0.07mM, and 0.1^M, respectively, in the cytoplasm, the amount of Ca2+ bound to EGTAand fura-2 is calculated to be 0.17 mM.Therefore, we obtained the released Ca2+ to be less than 0.17mM. This amount was less than one-tenth of 4 mM,which was reported to be the total calcium concentration in the sea urchin Qgg(27). In conclusion, 0.15-0.17 mMof Ca2+ is estimated to be released from the compartments of Ca2+ storage into the egg cytoplasm upon fertilization.
However, most of the released Ca2+ is bound to Ca2+ binding proteins such as calmodulin, and, consequently, Cai may increase only to a few juM. Many Ca2+binding proteins in the sea urchin egg were reported but have not yet been estimated quantitatively (13, 16, 18, 29) .
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